Introduction
The Notch signaling system influences a wide variety of developmental processes throughout embryonic development and adulthood. Differentiation of cell types of all germ layers and at many stages of maturation is controlled by the timed activation of Notch receptors. Functional failure of different components of the Notch signaling pathway leads to pathologic phenotypes, both in experimental and clinical settings (Artavanis-Tsakonas et al., 1999; Joutel and Tournier-Lasserve, 1998) .
Due to the complexity of the Notch signaling system, many basic questions concerning the activation or inhibition of Notch receptors by their ligands remain unsolved (Kadesch, 2000) . When a Notch transmembrane receptor is activated by binding to one of its cognate ligands of the Jagged/Delta family on a neighboring cell, a number of proteolytic cleavages is initiated that finally leads to the release of the intracellular domain of Notch (N IC ) from the membrane. The N IC then translocates into the nucleus and binds to the transcriptional repressor RBP-J, converting it into a transcriptional activator (Kopan and Cagan, 1997) . In addition, RBP-J independent signaling pathways for Notch are discussed, but their biochemical mechanisms are not fully understood (Barolo et al., 2000) . There are four Notch receptors with potentially redundant function, which are often expressed in a redundant manner in a wide variety of different cell types and maturation stages. The same holds true for their five different ligands. It remains largely unknown if and how all Notch receptors can interact with all ligands and what effects these interactions have on the activation of Notch signaling, respectively. In addition, soluble forms of Notch receptors have been described to act antagonistically on Notch activation and a large number of modifiers of Notch signaling have been identified in genetic screens in invertebrate model systems. When analyzing effects of Notch signals, it is therefore crucial to use a Notch activation system which can be controlled in a reliable manner and leads to a robust activation of Notch. The biological effects of Notch activation are highly context dependent and can vary from one maturation stage to the next within one cell type. As correct Notch signals are essential for survival and/or normal embryonic development at early stages of development (Conlon et al., 1995; Oka et al., 1995; Swiatek et al., 1994) , in vivo loss and gain of function experiments are complicated and only allow conclusions about the involvement of Notch signals in a limited number of developmental processes. The use of a conditional Notch activation system which allows the timed activation of Notch signals in an in vitro developmental model system closely resembling in vivo development, offers the possibility to specifically induce and manipulate the step-wise generation of cell types of interest and to monitor the influence of Notch signals on their generation. We have therefore generated ESC lines, which express a tamoxifen-inducible form of the murine Notch1 receptor (Schroeder and Just, 2000a,b; Schroeder et al., 2003a) , and analyzed the effect(s) of Notch activation on the differentiation of ESC into mesodermal cell types using a 2-dimensional differentiation system devoid of embryoid body formation, that allows a directed and efficient stepwise generation of first mesodermal and further of endothelial, mural, cardiac and hematopoietic cell types from ESC in vitro (Hirashima et al., 1999; Nishikawa et al., 1998; Schroeder et al., 2003a; Suzuki and Nakano, 2001; Yamashita et al., 2000) .
Results

Generation of ESC lines carrying a tamoxifen-inducible activated form of Notch
To analyze the functions of constitutively activated Notch/RBP-J signaling on ESC differentiation, we had previously expressed a constitutively active RBP-J-VP16 fusion protein in ESC (Schroeder et al., 2003a) . However, the differentiation of ESC expressing this fusion protein was very inefficient, yielding mostly colonies with undifferentiated morphology. This suggested that Notch activation interferes with normal differentiation of ESC in vitro at a very early stage and that an inducible activation system for Notch is necessary to analyze its effects on ESC differentiation. We therefore sought to employ the extensively tested inducible form of murine N1
IC (NERT, Schroeder and Just, 2000b, called NERT DOP in this manuscript, Fig. 1 ) that permits the conditional induction of mN1 IC activity by 4-hydroxy-tamoxifen (OHT). This NERT DOP form has previously been shown to result in identical biological effects as Notch1 IC and as endogenous Notch receptors activated by their ligands (Satoh et al., 2004; and Just, 2000a,b; Schroeder et al., 2003b; Tanigaki et al., 2001) . To rule out the possibility that the C-terminal end of mNotch1 IC may contain a domain specifically influencing mesodermal differentiation of ESC, we also constructed an OHT-inducible form of mNotch1 IC which contains its full intracellular domain (NERT FL , Fig. 1 ). Initially, we employed a murine embryonic stem cell virus based retroviral expression construct, which had been optimized for the use in ESC (rneo, Grez et al., 1990; Schroeder and Just, 2000b) . However, while stable expression in undifferentiated ESC could be achieved, expression levels of the NERT protein were too low for their functional detection in all clones analyzed and an effect on the differentiation of ESC was not detected (data not shown), suggesting the silencing of transgene expression in ESC as described for other retroviral vectors (Cherry et al., 2000) .
Therefore we continued with pCAG expression constructs, which yield robust expression in almost all cell types in vivo (Okabe et al., 1997) and in ESC both, in the undifferentiated state and after their differentiation in vitro (Schroeder et al., 2003a (Schroeder and Just, 2000b; Schroeder et al., 2003b) , immunofluorescence analyses detected NERT proteins in the cytoplasm of ESC in the absence of OHT, and in their nuclei after administration of OHT (data not shown). NERT DOP and NERT FL EB5 clones were then tested for transactivation of the RBP-J pathway in the presence or absence of OHT. In the absence of OHT, no transactivation of the RBP-J pathway was observed (Fig. 1C ). After addition of OHT, the RBP-J pathway was transactivated in all clones used in this study (Fig. 1C) . Control clones did not transactivate the RBP-J pathway in the presence or absence of OHT ( Fig. 1C and data not shown).
To confirm that the Notch/RBP-J signaling pathway is activated in undifferentiated NERT ESC and in differentiated progeny derived from NERT ESC by the addition of OHT, we determined the expression of endogenous Notch1 target genes in undifferentiated and in Flk1 positive NERT EB5 clones in response to OHT treatment. In NERT EB5 cells, the expression of endogenous Notch1 target genes of the HES (Enhancer of Split) and HERP (Hes related repressor, also called Hey, Hesr, Hrt, CHF, gridlock) family was up-regulated in undifferentiated ESC and in Flk1 + mesodermal progenitor cells after addition of OHT, respectively, whereas in control EB5 cells the expression of HES and HERP/HESR/Hey genes remained unaltered by OHT (Fig. 2 and data not shown).
Notch1 signaling inhibits the generation of Flk1
+ mesodermal progenitor cells First, we analyzed the generation of early mesodermal cells from ESC on OP9 stroma in the presence and absence of activated Notch. As shown in Fig. 3 , activation of Notch strongly reduced the generation of Flk1 + E-Cadherin À mesodermal cells and no difference could be detected between the effects of NERT DOP and NERT FL . OHT treatment had no effect on the differentiation of control ESC lines not expressing NERT proteins. Differentiation of the ESC lines on Collagen IV coated dishes (Nishikawa et al., 1998) yielded identical results (data not shown). To determine more precisely when and for how long Notch signaling is required to alter the differentiation of ECS into mesodermal cells, we activated Notch/RBP-J signaling at different time points and for variable time durations during differentiation into Flk + mesodermal cells on OP9 stroma. Irrespective of whether OHT was added 1, 2 or 3 days after differentiation induction, Flk + mesodermal cells were reduced by activated Notch at the same extent ( Fig. 4A ), suggesting that Notch/RBP-J signaling blocks the generation of Flk + cells at any stage on mesoderm induction. Removal of OHT after 1, 2 or 3 days did not abolish the suppression of Flk + cells (Fig. 4B ). Addition of OHT for 4 h to undifferentiated ESC with subsequent removal was sufficient to decrease the generation of Flk + cells from 43.5 ± 6.2% (untreated and OHT treated ESC for 5 min) to 3.2 ± 0.3% after 4 days. These data indicates that activated Notch acts at the initial stages of ESC differentiation to block mesodermal differentiation.
Notch1 signaling inhibits the in vitro generation of cardiomyocytes, endothelial cells and hematopoietic cells from mesodermal progenitor cells
To analyze the effects of Notch activation on the generation of later mesodermal cell lineages, we thus had first to generate mesodermal progenitor cells in the absence of Notch signaling and then to activate it during further differentiation. ESC were therefore differentiated on OP9 cells for 5 days in the absence of OHT and then subcultured on OP9 cells in the presence or absence of OHT. Notch activation in mesodermal progenitor cells considerably altered the development of the cultures: while endothelial sheets, spontaneously contracting cardiomyocyte colonies and hematopoietic colonies were generated in the absence of OHT, these colony types were strongly reduced in number or completely absent in cultures of NERT DOP and NERT FL EB5 clones treated with OHT ( Fig While these colony types were generated in normal frequencies from NERT DOP EB5 clones in the absence of OHT, it became apparent that their number was somewhat reduced in NERT FL EB5 clones in the absence of OHT treatment (data not shown). In transient transfection assays, the transactivation activity of NERT FL is about 10-fold higher than that of NERT DOP (Schroeder and Just, 2000b) . In line with this, NERT FL shows both, a higher transactivation activity than NERT DOP in the presence of OHT, but also a higher background transactivation in the absence of OHT (data not shown). We therefore speculate that the NERT FL protein could be active at a very low level in NERT FL EB5 clones even in the absence of OHT and interferes with their normal mesodermal differentiation, making NERT DOP EB5 clones the better choice for analyzing the influence of Notch signaling on ESC differentiation.
Notch1 signaling favors the generation of mural cells from mesodermal progenitor cells
Yamashita et al. have recently reported that both endothelial (EC) and mural cells (MC) can be generated from Flk1
+ progenitors in the ESC differentiation system also used here (Yamashita et al., 2000) . However, very little is known about the molecular control of this process. As Notch influenced the generation of EC from mesodermal progenitors, and led to the generation of cells with potential MC morphology, we were interested if Notch signaling alters the balanced generation of EC and MC from their Flk1 + mesodermal progenitors. Flk1 + mesodermal cells generated from NERT and from control ESC lines on Collagen IV coated dishes in the absence of OHT were purified by FACS, and subcultured in the absence or presence of OHT under conditions allowing the generation of both, EC and MC. As shown in Fig. 6 , activation of Notch strongly reduced the generation of EC from mesodermal progenitors, but not that of MC. This result also rules out the possibility that Notch activation reduces the generation of all later mesodermal cells types by a general toxicity on mesodermal progenitor cells.
Notch1 signaling does not block differentiation of hematopoietic progenitor cells and impairs hematopoietic maintenance of stromal cell dependent and independent hematopoiesis
Notch signaling has been implicated in the control of hematopoietic stem cell self renewal and is discussed as one of the candidates for their ex vivo expansion (Varnum-Finney et al., 2000) . However, opposing data were observed and the outcome of Notch signaling in HSC remains highly controversial. Therefore, we analyzed the effect of Notch activation on the maintenance of ES derived hematopoiesis in vitro. As generation of blood cells from mesodermal progenitors was inhibited by Notch activation, we first generated early blood cells by differentiating ESC on OP9 cells for 7 days in the absence of OHT and then activated Notch during further subculture of these cells. Early ES derived blood cells were isolated from the cultures by flushing of suspension cells (Suzuki and Nakano, 2001 ) and then analyzed for colony forming cells in semisolid medium in the presence and absence of OHT. As shown in Fig. 7 , activation of Notch signaling by OHT considerably reduced the number of colonies in NERT expressing early blood cells. Colonies obtained in the presence of OHT contained fewer cells and showed a highly mature morphology, mainly of typical mature monocytecolony morphology with large and widely scattered cells. This phenotype is consistent with the induction and acceleration of myeloid maturation we had observed earlier using myeloid progenitor cell lines (Schroeder and Just, 2000b; Schroeder et al., 2003b compatible with a maturation inducing effect of Notch on myeloid progenitor cells (Fig. 7) .
Discussion
We have shown that activation of Notch1 signaling alters the generation of mesodermal cell lineages from ESC at several stages of differentiation. At the earliest analyzed stage of ESC differentiation, activated Notch inhibited the generation of Flk1 + mesodermal cells. So far, little is known about potential functions of Notch signals during mammalian pre-gastrulation development. Expression of most molecular components of the Notch signaling system in mammalian pre-gastrulation embryos has recently been described (Cormier et al., 2004) . In addition, activated Notch has recently been shown to promote neural commitment of ESC when cultured in the absence of self renewal and serum factors (Lowell et al., 2006) . In combination with our result that Notch suppresses generation of mesodermal cells from ESC, this suggests a role of Notch during the specification of the germ layers during mammalian embryogenesis. Activation of Notch1 and 4 in EC leads to the upregulation of the basic helix loop helix transcription factor HESR-1/Hey1 and to down-regulation of Flk1 (Taylor et al., 2002) . Signals from the Flk1 receptor are crucial for proliferation of primary and ESC derived mesodermal cells and for proper generation of their progeny, like definitive hematopoietic cells (Hidaka et al., 1999; Schuh et al., 1999; Shalaby et al., 1997) . It is likely that Notch activation can down-regulate Flk1 also at a pre-endothelial stage of mesodermal development, leading to the reduced generation of mesodermal cells from ESC and altering their further behavior as described here. Our data that activation of Notch1 in ESC for 4 h is sufficient to suppress Fig. 6 . Notch signals favor mural over endothelial cell generation from mesodermal progenitors. ESC were differentiated on Collagen IV coated dishes in the absence of OHT for 4 days. Then Flk1 + cells were sorted by FACS and subcultured on Collagen IV coated dishes for three additional days in the presence of VEGF and PDGF and in the presence or absence of OHT. EC and MC colonies were identified by immunostaining of PECAM1 and smooth muscle actin (SMA), respectively. Two NERT and one control EB5 clone were analyzed. The experiment was performed twice with virtually identical results. (A) Indirect immunostaining of PECAM1 (horse radish peroxidase staining: brown) and SMA (alkaline phosphatase staining: purple) reveals reduction of EC numbers by Notch activation. Original magnification is 50-fold and 100-fold in left and right panels, respectively. The inset of Fig. 1A shows a phase contrast image of a hematopoietic cobble stone colony under an EC colony. These hematopoietic colonies could be observed in control clones irrespective of OHT treatment and in NERT clones in the absence, but not in the presence of OHT. (B) To exclude unspecific staining, the experiments were repeated with direct immunofluorescence staining for SMA (red) and indirect staining for PECAM1 (green). Nuclear staining by DAPI (blue) reveals that all non-EC in OHT treated NERT EB5 cultures are SMA + MC. These MC also express the MC marker Desmin.
mesodermal development however, suggests that other molecular mechanisms may be involved. The inducible system for Notch activation in ESC established here, will be useful to unravel these mechanisms, e.g. by identifying Notch targets genes at different stages of lineage development from ESC. When activated in ES derived mesodermal progenitors, Notch reduced the generation of functional cardiomyocyte colonies. This result is in line with our previous findings that removal of Notch signaling in ESC by disruption of RBP-J, a critical downstream effector of all Notch receptors, increases the generation of cardiomyocytes from ESC (Schroeder et al., 2003a) . It further supports the notion from clinical findings (Joutel and Tournier-Lasserve, 1998 ) and other experimental studies (Rones et al., 2000; Tetzlaff et al., 2004 ) that Notch signals, as shown here for Notch1, play an important role in heart development.
All cellular components of blood vessels, EC and MC, can be generated from single Flk1 + mesodermal progenitor cells (Yamashita et al., 2000) . Although of considerable importance, thus far little is known about the molecular mechanisms controlling lineage choice during this process. Our finding that activation of Notch favors the generation of MC from mesodermal progenitors by suppressing the generation of EC but not that of MC implicate an important influence of Notch signaling in cell type specification during vascular morphogenesis. The balance of generated EC and MC from Flk1 + progenitors can be skewed by varying the concentrations of pro-endothelial (e.g. VEGF) and pro-mural (e.g. PDGF) agents (Yamashita et al., 2000) . Reduced VEGF signaling due to down-regulation of the VEGF receptor Flk1 by activated Notch offers a molecular explanation for the anti-endothelial and promural effect of Notch activation. In addition, Notch induces cell cycle arrest in endothelial cells by repressing p21 CIP1 expression and RB phosphorylation (Noseda et al., 2004) . Beside these effects on EC, a pro-proliferative and anti-apoptotic effect of Notch on MC has also been shown (Sweeney et al., 2004) . Therefore, activated Notch favors MC over EC development from their common Flk1 + mesodermal precursors, both, by reducing generation of EC and by increasing that of MC. The combination of in vitro ESC differentiation and inducible activation systems of specific signaling pathways introduced here, should prove to be a powerful approach to further elucidate the complex context-dependent molecular and biological effects of the Notch signaling system in the development and maintenance of blood vessels.
A recent study reported that Notch1 is essential for the generation of definitive hematopoietic cells from EC in mouse embryos but not for the generation of primitive blood cells in the yolk sac (Kumano et al., 2003) . This implies that activation of Notch could lead to increased generation of hematopoietic cells from their mesodermal precursors derived from ESC in culture. We have shown here that Notch1 activation inhibits hematopoietic development from mesodermal/endothelial progenitors. A possible explanation for this apparent discrepancy would be that the differentiation of ESC into hematopoietic cells in vitro only resembles the generation of primitive blood cells in the yolk sac. However, since definitive type hematopoietic cells like B-lymphoid cells are easily generated from ESC in the OP9 co-culture system employed here, it is rather likely that our study reflects also the influence of Notch on the generation of definitive blood cells in the embryo. The outcome of a loss of function experiment is not necessarily the opposite of that of a gain of function experiment. Thus, the situation found may be similar to that observed in EC, where Notch is necessary for the generation of arterial endothelium but Notch activation alone is not sufficient for its generation (Uyttendaele et al., 2001) .
While little has been reported about Notch signaling in embryonic hematopoiesis, the effects of Notch signaling in 
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Activated Notch reduces maintenance of ESC derived hematopoietic cells in stromal co-culture. ESC were differentiated on OP9 for 5 days, dissociated and subcultured on OP9 for seven additional days in the absence of OHT and then dissociated and subcultured on OP9 in the presence or absence of OHT. Colony numbers were counted after seven additional days. Two NERT and one control EB5 clones were analyzed. The experiment was repeated three times with virtually identical results. The decrease of colony numbers in OHT treated NERT EB5 cultures is statistically significant (p < 0.001). (C) Morphology of cobble stone colonies at the time point of counting as described in (B). The few remaining colonies of NERT cultures in the presence of OHT were reduced in size and had a mature morphology. adult hematopoiesis have been extensively studied. Nevertheless, the influence of Notch activation on hematopoietic stem and progenitor cells and in particular on myeloid lineages remains controversial. Using adult hematopoietic stem and progenitor cell lines, we have shown that activation of Notch induces and accelerates myeloid differentiation (Schroeder and Just, 2000b; Schroeder et al., 2003b) . This is in line with results from overexpression studies of activated Notch in hematopoietic stem cells in vivo, that did not observe a block of myeloid differentiation (Pui et al., 1999) . In contrast, several reports concluded that activation of Notch leads to inhibition of myeloid differentiation and expansion of myeloid progenitor cells and hematopoietic stem cells (Calvi et al., 2003; Milner et al., 1996; Varnum-Finney et al., 2000) . A possible explanation for the apparent discrepancy is that Notch may affect hematopoietic stem and progenitor cells differentially, inhibiting the differentiation of early stem cells (Calvi et al., 2003) but promoting it in later progenitors and/or in IL-3 dependent myeloid progenitor cell lines. The results reported here do not support this. As in myeloid progenitor cell lines, activation of Notch leads to reduced colony numbers and shortened maintenance of ESC derived hematopoietic colonies in liquid culture and on OP9 stoma. In addition, activation of Notch from the stage of very early ES derived blood progenitor cells did not lead to increased or prolonged generation of blood cells but to reduced maintenance and numbers of hematopoietic cells in the cultures. However, we can not rule out that Notch activation induces increased self renewal only of a definitive long-term reconstituting hematopoietic stem cell type, which is not generated under the conditions used in this study, while decreasing self renewal, inducing differentiation and accelerating maturation of other hematopoietic progenitors. In this regard it is interesting to note that Notch1 deficient cells can give rise to definitive progenitors in early development but fail to contribute to long-term definitive hematopoiesis in vivo (Hadland et al., 2004) . Further work is needed to clarify this issue.
Notch/RBP-J signaling elicits a wide range of context dependent cellular responses. The variety of different responses is due in part to the interaction of the Notch signaling pathway with other major signaling pathways. During mesodermal differentiation as well as in the nervous system, Notch and BMP signaling pathways directly interact (Dahlqvist et al., 2003; Itoh et al., 2004; Nobta et al., 2005; Takizawa et al., 2003) . The Notch and BMP signals are integrated at the regulatory regions of important immediate downstream mediators of Notch signaling in many organs, i.e. HES (Enhancer of Split) and HERP (Hes related repressor, also called Hey, Hesr, Hrt, CHF, gridlock) genes. Hey1 plays an important role in maintaining myogenic cells in an undifferentiated state (Dahlqvist et al., 2003) and Hey2 has been implicated in vascular development (Itoh et al., 2004) . Here, we have shown that the Notch1-induced block in heart muscle differentiation and alterations in the balance between endothelial and mural cells coincides with increased expression of Hey1 and Hey2 in mesodermal progenitor cells. Thus, it will interesting to determine if the observed effects of activated Notch1 are mediated by Hey1 and Hey2, respectively, and how other signaling pathways influence these lineage decisions.
Efficient generation of therapeutically important cell types from stem cells in vitro is one of the great promises that stem cell research holds for clinical application. A thorough understanding of the signals involved in the differentiation of ESC, such as the developmentally important Notch signals, is key for the development and optimization of the protocols needed for the directed generation these cell types. Together with our previous work, our findings demonstrate the importance of controlling Notch activation to generate functionally mature cardiomyocytes from ESC. It further suggests that inhibiting Notch activation, e.g. by treatment of differentiating cultures by small molecule c-secretase inhibitors, should considerably improve the efficiency of cardiomyocyte generation, both from ESC, and potentially also from adult stem cells. The same holds true for the generation of blood cells and functional blood vessels or their cellular components for regenerative therapies, where we showed here that timed control of Notch signaling is crucial for the efficient generation of the desired cell types.
Materials and methods
Cell culture
Culture of undifferentiated ESC, stable transductions and selection were performed as described in Schroeder et al. (2003a) . A final concentration of 1 lM was used for 4-hydroxy-tamoxifen (OHT) treatment. To remove OHT from the medium, treated and untreated cells were washed five times with complete differentiation medium without OHT.
In vitro differentiation of ESC
To generate mesodermal cells, ESC were cultured in aMEM containing 10% pre-tested FCS (Gibco BRL, USA), 50 lM 2-mercaptoethanol and P/S (differentiation medium) for 4-5 days (Hirashima et al., 1999) . 10 4 undifferentiated ESC per well were cultured in 6-well Collagen type IV coated plates (Becton Dickinson, USA). Alternatively, 6 · 10 3 undifferentiated ESC were cultured in 25 cm 2 flask containing confluent OP9 stromal cells (Kodama et al., 1994) . Lateral plate mesodermal cells were then isolated by fluorescent cell sorting of Flk1 + cells. To induce the development of cardiomyocyte colonies, ESC were differentiated on OP9 stroma for 5 days, dissociated and re-plated onto confluent OP9 cells at dilutions of 1:50 in differentiation medium containing 1 U/ml SCF. Medium was changed after four additional days. At day 10 of differentiation, cultures were counted for spontaneously contracting colonies. To generate EC and MC colonies, 10 5 ESC derived mesodermal Flk1 + cells were plated per Collagen IV coated 6-wells in differentiation medium containing VEGF and PDGF as described in Yamashita et al. (2000) . Colonies were fixed and stained after three additional days (day 7 of differentiation). Hematopoietic progenitor cells were generated by differentiation of ESC on OP9 stroma for 5 days, dissociation by treatment with trypsin and subculture on OP9 cells for two additional days in differentiation medium containing 1 U/ml SCF. Non-adherent cells were then flushed off by gentle pipetting and used for further differentiation or in methylcellulose colony assays (Suzuki and Nakano, 2001 ). Cells were used either directly or after FACS sorting for CD34 or PECAM-1 expression. Hematopoietic cobblestone colony formation and maintenance was followed on OP9 stroma in differentiation medium containing 100 U/ml SCF and 50 U/ml Flt3-ligand (R and D systems, USA). Half of the culture medium was exchanged every 4 days. To determine the frequency of hematopoietic precursors, cells were cultured in methylcellulose (MethoCultä GF M3434, Stem cell technologies, Vancouver, Canada) colony assays for 8 days.
Transient transfections, luciferase assays and reporter plasmids
Luciferase reporter assays for Notch activation were done as described (Schroeder et al., 2003a) . In brief, 5 · 10 5 ESC were transfected by lipofection according to manufacturers instructions (Gibco) with 1 lg of the (RBP-J RE)12-Luc (pGa981-6, firefly luciferase reading frame under the control of a minimal b-globin promoter and 12 RBP-J binding sites (Strobl et al., 1997) ) and 0.1 lg phRL-CMV plasmids (constitutive expression of Renilla luciferase for transfection efficiency control). One day after transfection, preparation of protein extracts and measurement of luciferase activities were performed using the Dual Luciferase Kit (Promega) according to manufacturers instructions.
Antibodies, fluorescent cell sorting/analysis and immunostaining
Fluorescent cell sorting/analysis and immunostaining was performed as described (Schroeder et al., 2003a; Yamashita et al., 2000) .
Western blot analysis
Harvesting, electrophoresis and Western blotting of protein extracts was performed as previously described (Schroeder et al., 2003a) using an antibody specific for the human estrogen-receptor a (sc-8002, St. Cruz Biotechnology, USA).
Real-time-PCR
RNA was extracted from unsorted or FACS sorted cells as indicated using the RNEasy kit (Qiagen, Hilden, Germany). cDNA was generated by reverse transcription of 1 lg RNA with First Strand cDNA Synthesis Kit in a 20 ll volume (Fermentas, St. Leon-Rot, Germany) according to manufactures manual. 0.5 ll of cDNA per assay was used for analysis by real-time-PCR. Relative expression level of the genes Hes1, Hey1 and Hey2 were screened using the TaqMan Gene Expression Assays-on-Demand (Applied Biosystems, Foster city, USA; assay numbers Mm00468601_m1, Mm00468865_m1, and Mm004692 80_m1, respectively). Real-time-PCR was performed in duplicates in a 10 ll volume using ABsolute QPCR ROX Mix (ABgene, Epsom, UK) on a 7900HT Fast Real-Time-PCR System (Applied Biosystems) in 384-well PCR-plates (ABgene). For normalization, expression of GAPDH was screened in parallel as an endogenous control (Applied Biosystems). Quantification was calculated using a standard curve with a serial dilution of cDNA mixture of the samples. These relative quantities were normalized to GAPDH, and transcriptional induction by OHT treatment was calculated.
Statistical analysis
Statistical differences were assessed using the Student's t-test for paired data.
